The human complement regulator CD55 is a key molecule protecting self-cells from complement-mediated lysis. X-ray diffraction and analytical ultracentrifugation data reveal a rod-like arrangement of four short consensus repeat (SCR) domains in both the crystal and solution. The stalk linking the four SCR domains to the glycosylphosphatidylinositol anchor is extended by the addition of 11 highly charged O-glycans and positions the domains an estimated 177 Å above the membrane. Mutation mapping and hydrophobic potential analysis suggest that the interaction with the convertase, and thus complement regulation, depends on the burial of a hydrophobic patch centered on the linker between SCR domains 2 and 3.
The human complement regulator CD55 is a key molecule protecting self-cells from complement-mediated lysis. X-ray diffraction and analytical ultracentrifugation data reveal a rod-like arrangement of four short consensus repeat (SCR) domains in both the crystal and solution. The stalk linking the four SCR domains to the glycosylphosphatidylinositol anchor is extended by the addition of 11 highly charged O-glycans and positions the domains an estimated 177 Å above the membrane. Mutation mapping and hydrophobic potential analysis suggest that the interaction with the convertase, and thus complement regulation, depends on the burial of a hydrophobic patch centered on the linker between SCR domains 2 and 3.
CD55 ͉ complement regulator ͉ pathogen receptor ͉ glycoprotein T he complement system is an important component of the immune response, consisting of more than 30 proteins that function together to provide an initial defense against invasion by pathogens. The classical, alternative, and lectin pathways (CP and AP for classical and alternative pathways, respectively), each activated by different stimuli, converge by means of a series of enzyme-linked cascades to target cells for destruction. Regulation to prevent inappropriate activation against self occurs by means of the proteins encoded in the regulators of complement activation gene clusters, which act at key points in the cascades to prevent pathological consequences. Decay-accelerating factor (CD55) is a member of the regulators of complement activation protein family (1) , and its primary function is to inactivate the C3 convertases by dissociating them into their constituent proteins (reviewed in ref. 2) . The importance of regulation is highlighted by the large number of human diseases that relate to inappropriate complement activation (3) . Complement is also responsible for the primary rejection events in xenotransplantation; therefore, transgenic animals expressing human CD55 potentially provide a route to the generation of readily available organs that will resist rejection. Extended survival times have already been achieved for organs transplanted from human CD55-transgenic pigs to primates (4) , and soluble CD55 has been demonstrated to block the Arthus reaction in vivo (5) . Incorporation of CD55 into the envelope of baculovirus has proved to be a promising technology for prolonging the lifetime of virions used in genetic therapy (6) . CD55 has additional roles, including acting as a binding partner for CD97 (7) , a molecule whose expression is up-regulated on leukocytes during inflammatory activation. The significance of the CD97-CD55 interaction is little understood, but it has been implicated in the pathogenesis of multiple sclerosis, because CD97 and CD55, which are absent from normal white matter, are found at high levels in multiple sclerosis lesions (8) . CD55 is expressed at a high level on all serum-exposed cells. Perhaps as a consequence of this expression, CD55 has been subverted by many bacterial and viral pathogens which exploit it as a receptor to facilitate cellular infection (reviewed in ref. 9 ).
CD55 has a C-terminal glycosylphosphatidylinositol (GPI) anchor and consists of a serine͞threonine͞proline-rich region and four consecutive, membrane-distal, short consensus repeat (SCR) domains characteristic of regulators of complement activation family proteins (reviewed in ref. 2) . CD55 is heavily O-glycosylated in the serine͞threonine͞proline region and contains an N-linked glycan located between SCR domains 1 and 2. To date, our molecular understanding of the biological functions of CD55 has been derived primarily from mutagenesis studies (10, 11) and two structures of CD55 SCR domain pairs (10, 12) . These structures suggested that the interactions between the regulator (CD55) and the convertases were likely to involve large areas on the surface of CD55 (the CP convertase contacting much of SCR domains 2 and 3, whereas the AP convertase contacts SCR domains 2, 3, and 4). These interactions were postulated to involve wrapping of the large convertase complexes around the smaller regulator, leading to contacts on both faces of CD55. However, mapping of the key interaction site (as defined by mutagenesis; refs. 10 and 11) for both convertases has been complicated by the fact that the site is centered on residues located at the junction between SCR domains 2 and 3. On the basis of our 1.7-Å x-ray structure of SCR domains 3 and 4 (10), we proposed that many of the residues previously suggested to be the direct contacts of CD55 with the convertases were instead acting indirectly by altering the structure of CD55 at the SCR 2͞3 domain interface. Uhrinova et al. (12) reached different conclusions on the basis of their solution structure of SCR domains 2 and 3, in which the key residues were seen to be solvent exposed and not structurally involved in stabilizing the SCR 2͞3 domain interface. These inconsistencies and other studies that have shown that dissection of domains from their natural biological context can result in structural perturbation (13) demonstrated that a structure for the four linked SCR domains was required to fully understand the biology of CD55.
Materials and Methods
Protein Expression and Purification. Briefly, the four SCR domains of CD55 were expressed in Escherichia coli as inclusion bodies and refolded (J.W., P.L., D.E., M. Steward, N. Giddings, J. R. Bright, B.P.M., S.M.L., G.P.S., and R.A.G.S., unpublished data).
Refolded CD55 1234 was further purified by gel filtration to separate folded and unfolded species. Activity of the pure protein was assayed with CP and AP assays (J.W., P.L., D.E., M. Steward, N. Giddings, J. R. Bright, B.P.M., S.M.L., G.P.S., and R.A.G.S., unpublished data). Analytical Ultracentrifugation. The experiment was carried out in a Beckman Optima XL-A analytical ultracentrifuge equipped with absorbance optics and an An60Ti rotor essentially as described in Wallis and Drickamer (22) . Briefly, serial dilutions of CD55 in 50 mM Tris͞150 mM NaCl buffer, pH 7.5, were made to give three 400-l samples with final A 280 of 1, 0.5, and 0.25. Sedimentationvelocity experiments were carried out at 55,000 rpm with an Epon aluminum-filled centerpiece. Sample (400 l) and buffer containing no protein (425 l) were loaded in the sample and reference channels of a cell. The three samples in three different cells were centrifuged simultaneously. Scans were collected at 270-s intervals in the step-scan mode. The data, which allowed the calculation of sedimentation coefficient for CD55, were analyzed by the secondmoment method (23) with the software supplied by Beckman Instruments. [The partial specific volume of CD55 (0.723 ml/g) was calculated from the amino acid composition.] The experiment was repeated with three additional samples of A 280 0.5, 0.4, and 0.3 to give a total of six measurements.
Glycosylation Analysis and Model Building. Purified CD55 was run on SDS͞10% PAGE gels, and the protein bands migrating with an apparent molecular mass of 75 kDa were excised. In situ release of N-glycans with peptide-N-glycanase F was carried out according to Radcliffe et al. (24) . O-glycans were released by manual hydrazinolysis and further processed according to Royle et al. (25) . The extracted glycans were labeled with the fluorophore 2-aminobenzamide by reductive amination (26) and processed through normal-phase HPLC (27) . Preliminary assignments for the glycans were confirmed by weak anion exchange HPLC (28), digestions with arrays of exoglycosidases (A), and matrix-assisted laser desorption ionization-time-of-flight MS. Detailed methods, Fig. 4 , and Table 3 are published as supporting information on the PNAS web site.
The degree of O-linked glycosylation was estimated from the reduction in mass (as determined by equilibrium analytical ultracentrifugation) of the intact glycoprotein on digestion with neuraminidase combined with the known sequences of the glycans. This method gave an average of 11 O-linked glycans per molecule.
Molecular modeling was performed on a Silicon Graphics Fuel workstation by using the programs INSIGHTII and DISCOVER (Accelrys, San Diego). N-linked and O-linked glycan structures were built by using average crystallographic torsion angles for the glycosidic linkages (29, 30) . The conformation of the AsnGlcNAc linkage at site 63 was based on average crystallographic values (31) . The likely positions of the 11 O-linked glycans were determined by using the program O-LINK (www.cbs.dtu.dk͞ services͞netoglyc), the sites with the highest probability being used. The degree of extension of the tail peptide was assumed to be 2.6 Å per residue, based on the experimentally determined values for the O-glycosylated tail peptide of CD8 (32) and bovine and porcine submaxillary mucins (33, 34) .
Results and Discussion
Structure of CD551234 in the Crystal and in Solution. We have expressed, demonstrated activity, crystallized (J.W., P.L., D.E., Crystals belonged to one of three P1 crystal forms, hereafter termed A, B, or C. Crystallographic methods are described in Materials and Methods. Briefly, molecular replacement phases from the CD55 34 model (10) were combined with experimental phases in crystal forms A and B. Noncrystallographic symmetry and cross-crystal averaging gave interpretable maps. Numbers in parentheses are for the highest resolution shell.
§ Reference datasets in heavy-atom phasing.
M. Steward, N. Giddings, J. R. Bright, B.P.M., S.M.L., G.P.S., and R.A.G.S., unpublished data), and solved the structure at 2.3 Å (Tables 1 and 2 ) of all four SCR domains of CD55 (hereafter referred to as CD55 1234 ). The structure of CD55 1234 is revealed as a linear molecule with the four SCR domains forming an extended rod with overall dimensions of 160 ϫ 50 ϫ 30 Å (Fig.  1a) . CD55 1234 appears to be a relatively rigid molecule as judged by the analysis of three differently packed ( Fig. 1 and Table 2 ) crystal forms, which provide eight independent models of the molecule. Fig. 1b shows two views of an overlay of the eight copies of the molecule, demonstrating that, despite the different crystal packing environments, there is very little variation in the structure at the domain interfaces. Inflexible intermodular junctions have been noted for other multiple SCR domaincontaining structures, e.g., the vaccinia complement control protein (35) , suggesting that rigidity may be one of the key characteristics of multiple-SCR structures. In particular, the organization of the CD55 SCR 2͞3 domain interface is constant across the crystals (Fig. 1b) , as demonstrated by the consistent values for the tilt and twist angles ( Table 2 ) that define the orientation of SCR domain 2 with respect to SCR domain 3 for the different copies of the molecule. We can therefore confidently interpret the contribution of residues that influence complement regulation that map to this region. The apparent rigidity seen in this structure (and that observed in our earlier structure of the CD55 34 fragment; ref. 10) contrasts with the weakly defined module interface in the solution structure of CD55 23 (12) . We have therefore used analytical ultracentrifugation to determine the sedimentation coefficient (s) of CD55 1234 , which gives an indication of the domain arrangement in solution. Our experimental value for s 0 , averaged from six independent measurements of s at a range of concentrations, is 2.04 Ϯ 0.13 S. This value compares well with a theoretically determined value of 2.03 S calculated from our coordinates for CD55 1234 (using the program HYDROPRO; ref. 36). Therefore, the structure reported here from the crystalline environment is a good representation of the architecture present in solution.
Characterization of the Glycosylation of Erythrocyte-Derived CD55
Allows Construction of a Model for the Complete CD55. Physiologically, CD55 is heavily glycosylated with both N-and O-linked glycans and a GPI anchor (37) . The specific nature of the glycosylation is influenced by the tissue of origin (38) . However, because erythrocyte CD55 represents the most abundant and well characterized species, we have targeted it for full chemical characterization.
The structures of the N-and O-linked sugars released from CD55, purified from human red blood cells, were analyzed by a combination of HPLC, exoglycosidase digestions, and MS. The major N-linked oligosaccharides located at Asn-63 in the SCR 1͞2 domain interface are galactosylated bi-and triantennary complex type sugars, with and without bisecting GlcNAc and terminal sialic acid residues. There are 19 predicted O-linked glycosylation sites (www.cbs.dtu.dk͞services͞netogly) in the 68-aa, serine͞threonine͞proline-rich stalk region of CD55. On average, 11 of these sites are occupied per molecule. Seventy-one percent of the O-linked glycan pool consisted of the disialylated core-1 structure Neu5Ac␣2-3Gal␤1-3(Neu5Ac␣2-6)GalNAc. The stalk region is therefore highly charged. INSIGHTII and DISCOVER (Accelrys) were used to build models of representative glycans onto the crystallographic model for CD55 1234 by using average crystallographic torsion angles for the glycosidic linkages (29) . Earlier analysis of both mucins (39) and CD8 (32) indicate that the addition of GalNAc to multiple serine or threonine residues extends and stiffens the protein backbone. Based on these data, the CD55 serine͞threonine͞proline-rich region was modeled assuming a 2.6-Å extension per amino acid. This model gives an overall length of 177 Å for the stalk, which is in agreement with earlier data indicating that functional CD55 depends on the SCR domains being separated from the membrane (40) . Together with the crystallographic structure of CD55 1234 and the GPI anchor structure (37) , these data provide a full description of the overall architecture of CD55 (Fig. 1c) . Removal of the N-linked glycan is known to have no effect on complement regulation (41), a finding that can now be rationalized, because the N-linked sugar is located on the opposite face to, and directed away from, the major sites of convertase interactions (see discussion below). The N-glycan is predicted to stabilize the structure (42) and, in common with the O-glycans, may serve to protect the protein from proteases. Table 2 ). The structure is colored from blue at the N terminus to red at the C terminus.
All figures were drawn with AESOP (M. E. M. Noble, unpublished program). (b)
Comparison between eight copies of CD55 1234 from three different crystal forms. The molecules are overlaid with ␣ carbons from SCR domain 3 (residues 126 -185) so that the lack of variation in the SCR 2͞3 domain interface may be appreciated, and the molecules are colored so that the two copies from crystal forms A and B are red and green, respectively, and the four copies from crystal form C are blue. (c) Full model for CD55 in the cell membrane. This model combines the atomic coordinates for the SCR domains with models for the Nand O-linked sugars and the GPI anchor, built as described in the text. The molecule is embedded in a lipid monolayer to allow the extension of the stalk that supports the SCR domains above the membrane to be visualized. The structure for CD55 1234 described herein agrees closely with the previous x-ray structures of CD55 34 (10) (rms deviation C ␣ positions are 0.5 Å for SCR domains 3 and 4 overlaid on the basis of SCR domain 3 alone). In contrast, CD55 1234 deviates significantly from the solution structures of CD55 23 (12) , particularly in its relative arrangement of SCR domains 2 and 3, which is not shared by any of the CD55 23 models deposited in the Protein Data Bank (mean rms deviation C ␣ for SCR domains 2 and 3 overlaid on the basis of SCR domain 3 is 10.4 Ϯ 3.6 Å). Earlier analysis (12) of these solution structures for CD55 23 suggested that a band of positive charge encircling the 2͞3 domain junction was a prominent feature of this molecule and was probably required for functional activity. The major biological functions map to the SCR 2͞3 domain interface (11, 12) ; therefore, significant structural differences between our structure for the intact molecule and these earlier solution structures for the fragment leads to a different interpretation of mutagenesis-derived data. Fig. 2a shows a representation of the electrostatic surface calculated for the structure of the four SCR domains. Although this surface shows a patch of positive charge encircling the upper portion of the SCR 2͞3 domain junction, the dominant features are two negatively charged patches. These patches encompass much of the surface of SCR domain 1 as well as one face of the two membrane-proximal SCR domains (3 and 4) . Also prominent is a band of uncharged residues encircling the SCR 2͞3 domain junction at the N terminus of SCR domain 3. The dramatic difference between this and the earlier analysis presumably reflects the large difference in both module and specific side-chain orientations between our current and earlier models of CD55. Fig. 2 b and c shows a mapping of residues previously linked to the decay-accelerating activities of CD55. As for the earlier partial structures, mutations affecting CP convertase regulation (Fig. 2b) map to residues in SCR domains 2 and 3, and those effecting AP convertase regulation (Fig. 2c ) also involve SCR domain 4. The distribution of these mutations suggests that regulation is effected through an extended interaction between CD55 and the convertases that involves much of the surface of the regulator. In contrast to the earlier structure of CD55 23 , we find that the critical arginine and lysine residues implicated (12) in convertase recognition are relatively buried in the 2͞3 domain interface. We therefore propose that the phenotype conferred by alteration of these residues is the result of structural perturbation, rather than the direct ablation of an active site. In addition, Phe-148 and Leu-171 (previously thought to perform largely structural roles; ref. 12), lie at the center of the uncharged band (also consisting of Phe-169, Ile-172, and Pro-97) encircling the junction of SCR domains 2 and 3. Functional protein-protein interactions depend on a combination of an appropriate affinity and a high level of specificity; therefore, they usually involve a mixture of polar (hydrogen bonding and electro- Fig. 1a Right. (a) Charge distribution on the surface of CD55. Charges were calculated by using an AMBER force-field in GRASP (52) and colored evenly around 0 from blue (positive) to red (negative) via white at no charge. (b) Mapping of amino acid positions where substitution is known to affect the ability of CD55 to regulate the CP convertases (10, 11) . Positions where amino acid substitution is known to reduce activity to 10% or less of wild-type activity are shown in dark blue; those that reduce activity to 50% or less are shown in light blue. (c) Mapping of amino acid positions where substitution is known to affect the ability to regulate the AP convertases (10, 11) . Positions where amino acid substitution is known to reduce activity to 10% or less of wild type are shown in dark green; those that reduce activity to 50% or less are shown in light green. static) and apolar (van der Waals and hydrophobic) contacts. These contacts are often formed between two matching hydrophobic surfaces lying at the center of a complementary pair of polar groups. Much of the binding energy for any specific protein pair will be gained from the displacement of water molecules when two exposed hydrophobic surfaces come together. The polar interactions, which are similar in energy to the interactions that the individual species make with water molecules in solution, contribute more to the specificity of the interaction. One way to assess the presence of hydrophobic patches is by electrostatic analysis such as that presented in Fig. 2a , although this does not directly evaluate the potential for hydrophobic interaction at any particular surface point but, rather, the lack of charge. A more rigorous treatment evaluates and sums pairwise interactions for a hydrophobic probe in contact with points on the surface (43); the probe is assumed to displace a water molecule at the same position. Such an approach has revealed an otherwise unidentified binding site in the ␣-adaptin ear domain (43) . Analysis of hydrophobic surface potential of the entire CD55 1234 surface yields the result illustrated in Fig. 3a , in which a strong candidate for a protein-binding site is centered on Leu-171 and Phe-169 near the SCR 2͞3 domain interface. Both Leu-171 and Phe-169 have been mutated in earlier studies (11) , showing that mutations at the Leu-171 position dramatically reduce the ability of CD55 to regulate the activity of both convertases, whereas mutations at the Phe-169 position lower regulation of the AP convertase alone. Leu-171 and Phe-169 have not previously been identified as sites of direct convertase interaction, because mutation of Phe-169 to Ala did not abolish the ability to regulate the CP convertase. Our data suggest that this hydrophobic patch (Fig. 3a) forms the key site of interaction with both the CP and AP convertases and that the resistance of CP convertase regulation to modification of Phe-169 simply reflects the conservative nature (in terms of size and hydrophobic potential) of a Phe-to-Ala substitution. The structure of CD55 1234 also suggests that there must be a positively charged patch on the convertases (in particular, the AP convertase), which will interact with the large negative surface potential on the surfaces of SCR domains 3 and 4.
Toward a Model for the AP Regulatory Complex. A full understanding of the role of CD55 in regulating the convertases requires a structure for the complex formed by the interaction of the large convertases and CD55. Earlier work by others led to a model for the vWF-A of factor B (44), a key component of the AP convertase. In the absence of structural information about the transient convertase-CD55 complex, we have generated a model for the complex between the vWF-A domain of factor B and CD55. By using the program FTDOCK (45), we performed a global scan of translational and rotational space and have applied mutations of the vWF-A domain known to abolish factor B-CD55 interaction as distance filters (vWF-A mutation sites must lie within 3 Å of any part of CD55) to select potential complexes. The calculation yielded a set of four solutions with essentially identical domain orientations for the complex. Fig. 3 shows an analysis of the most favorable solution. This proposed complex has some compelling features: the CD55-vWF-A interaction site is formed across the SCR 2͞3 domain interface and obscures the hydrophobic patch that we postulate forms a portion of the convertase interaction site. Also, the CD55-vWF-A interaction masks many of the CD55 mutations (10, 11) known to alter AP convertase regulation. This model for the complex leaves factor B peptides, previously implicated in binding of the C3b portion of the convertase (44), exposed and accessible for interaction with the larger C3b; equally exposed are vWF-A residues, where mutation (46) is known to have no effect on the ability of CD55 to regulate the AP convertase.
The mechanisms of decay acceleration by CD55 of the C3 convertases are poorly understood at the molecular level. Binding studies using individual components and AP convertases immobilized on zymosan showed that CD55 had low affinities for the individual components proteins C3b and Bb but much increased affinities for both the C3bB and C3bBb complexes (47) . Despite similar affinities for the complexes, CD55 accelerates decay only of the active C3bBb convertase and not its precursor C3bB (48) . The C3bB complex may be stabilized by the reported interactions between sites in Ba and C3b (49) . These limited data suggest that CD55 must bind sites in both of the components of the convertase. Bound CD55 tends to cause dissociation of the convertase but succeeds only after cleavage of B with release of Ba and consequent weakening of the association between convertase components. With dissociation of the convertase, affinity for CD55 is lost, releasing the regulator. The solving of the structure of CD55 opens the door to structural studies that will enable testing of these hypothetical models for decay acceleration. This study provides a complete structural description of an intact and active regulator of complement activation family protein. CD55 is of major therapeutic interest not only in xenotransplantation but also as a potential biopharmaceutical in its own right. We have described elsewhere (J.W., P.L., D.E., M. Steward, N. Giddings, J. R. Bright, B.P.M., S.M.L., G.P.S., and R.A.G.S., unpublished data) an approach to the functional reconstruction of the GPI anchor by C-terminal modification of complement regulators, including CD55 1234 , using a membrane-binding peptide. This greatly increases potency and enables their use in settings where local retention of a soluble exogenously administered complement regulator may be therapeutically important (50) .
Solving the structure of CD55 1234 also advances our ability to model its critical interactions with Bb and C2a and thence with convertases. This structure may provide a route to the rational design of synthetic CD55-mimetics, a goal that has been hampered by the lack of structural information on the complex and unstable convertases.
